A Lac' mutant of Erwinia chrysanthemi was isolated from the Lac-wild type on lactose agar. (3-Galactosidase was expressed independently of lactose transport in both the mutant and the wild type, and neither strain expressed thiogalactoside transacetylase. Lactose transport and a-galactosidase, constitutive in the Lac' strain, were coordinately induced in the Lac-strain by melibiose and raffinose but not by isopropyl-,B-D-thiogalactopyranoside or thiomethyl-3-D-galactopyranoside. Melibiose was a strong inhibitor of both the melibiose-and the raffinose-induced lactose permeases, whereas raffinose was a strong inhibitor of only the raffinose-induced lactose permease.
Many members of the family Enterobacteriaceae possess operons that code for enzymes involved in lactose and melibiose metabolism. In Escherichia coli, the lacZ gene codes for ,B-galactosidase, the lacY gene codes for lactose permease, and the lacA gene codes for thiogalactoside transacetylase (36) . The mel operon of E. coli contains the A and B genes which code for a-galactosidase and melibiose permease, respectively (30) . Klebsiella aerogenes possesses both a plasmidborne and a chromosomal lac operon (1, 21, 22, 24) . Both K. aerogenes and Salmonella typhimurium possess mel operons similar to the E. coli operon (12, 23) .
The substrate specificities of the lac and mel permeases differ among the various members of the Enterobacteriaceae. The lac permease of E. coli has wide specificity and transports a variety of a-and P-galactosides, including lactose, isopropyl-p-D-thiogalactopyranoside (IPTG), thiomethyl-,3-D-galactopyranoside (TMG), melibiose, and galactose (26) . The mel permeases of E. coli and S. typhimurium are similar in specificity and can transport TMG, melibiose, and galactose, but not lactose or IPTG (12, 19, 26, 30) . The mel permease of K. aerogenes differs from those of E. coli and S. typhimurium in being able to transport lactose in addition to TMG, melibiose, and galactose (23, 35) .
The rafoperon is plasmidborne in E. coli (18) . It codes for the three genes involved in raffinose metabolism: agalactosidase, raffinose permease, and invertase (29, 32) . All three activities are coordinately induced by melibiose and raffinose (29, 32) . Lactose transport by the raffinose permease is competitively inhibited by melibiose and raffinose (32) .
Erwinia chrysanthemi pv. zeae, the causal agent of soft rot in corn, is a member of the Enterobacteriaceae (34) . Only two reports dealing with lactose metabolism in E. chrysanthemi have appeared (6, 8) despite the use of lactose fermentation as a taxonomic marker in the classification of the Enterobacteriaceae. The 322 strains of E. chrysanthemi studied by Dickey (3) were all able to hydrolyze onitrophenyl-p-D-galactopyranoside (,B-ONPG), although most of them were classified as Lac-. Other workers have classified lactose fermentation by E. chrysanthemi as being either variable or delayed (5, 11).
* Corresponding author.
Our studies on lactose metabolism by a locally isolated strain of E. chrysanthemi showed that it was normally lactose nonutilizing (Lac-). However, lactose-utilizing (Lac') mutants are readily isolated from the parent strain by extended incubation on lactose agar (6) . The Lac-and Lac' strains were found to be physiologically and pathogenically similar except for their growth on lactose (6) . Since the activity of the [-galactosidase from the Lac-and Lac' strains was similar on both lactose and P-ONPG, we suggested that the Lac-strain differed from the Lac' strain by the absence of a lactose permease (6) . The present study confirms that the Lac-strain does differ from the Lac' strain by the absence of a lactose permease coordinately induced with ,3-galactosidase. Evidence is presented that E. chrysanthemi possesses two permeases involved in lactose transport. One permease appears to be associated with the mel operon and the other with the rafoperon. It is concluded that the Lac' phenotype is due to a mutation allowing constitutive expression of the mel operon. Thiogalactoside transacetylase was assayed as described by Miller (15) . One a Strains EC-C and EC-S were grown to the late exponential phase in yeast-salts-glycerol medium. Galactose, lactose, melibiose, and raffinose were added at 4 g liter-', whereas IPITG and TMG were present at 0.5 mM.
MATERIALS AND METHODS

Chemicals
b The assay mixture contained 0.1 ml of cells, 0.9 ml of Z buffer, and 25 RI of lysis mixture. After vortexing for 10 s, the assay mixture was equilibrated at 30°C for 5 min, and the reaction was started by the addition of 0.2 ml of 1-ONPG (13.2 mM in H20). The reaction was stopped 10 to 15 min later by the addition of 1.0 ml of 1 M Na2CO3, and after dilution of the mixture with 2 ml H20, the A420 and A550 were determined. A correction for turbidity was made by subtracting 1 .711 x A550 from the A420. Each value represents the mean of three determinations. Variation in all instances was less than 5%.
International S.A., Zurich, Switzerland) in a Beckman model 8100 liquid scintillation counter.
The effect of different sugars on substrate uptake was determined by adding them, together with the substrate, to the assay mixture. The effects of 4 mM 2,4-dinitrophenol and 20 mM sodium azide on substrate uptake were determined after preincubation of the cells with these compounds for 30 min. The effect of 70 mM formaldehyde on substrate uptake was determined by adding it, together with the substrate, to the assay mixture (10) .
RESULTS
Induction of I8-galactosidase in EC-C (Lac-) and EC-S (Lac') by different carbon sources. ,-Galactosidase was produced by both EC-C and EC-S strains when they were grown on glycerol as a carbon source ( Table 1 ). The levels were increased 10-fold by growth in the presence of 0.5 mM IPTG or TMG, but lactose was effective as an inducer only with strain EC-S. Melibiose, raffinose, and galactose induced P-galactosidase activity weakly or not at all in either strain.
Thiogalactoside transacetylase activity in EC-C and EC-S.
No thiogalactoside transacetylase activity was detected in either strain EC-C or EC-S after induction by 1 mM IPTG even though high levels of P-galactosidase were present ( 
Lactose transport by glycerol-grown EC-S cells did not deviate greatly from linearity over the first 2 min when assayed at room temperature (22°C) (Fig. 1) . Similar curves were obtained for melibiose-grown EC-C cells. Therefore, the average rate of transport over this period was used as an approximation of the initial rate of transport in competition experiments, the results of which are presented in Table 4 . Raffinose was a potent inhibitor of lactose transport by strain EC-C grown on raffinose, whereas it was a relatively poor inhibitor of lactose transport by EC-S grown on glycerol. Melibiose, irrespective of the inducer present during growth of the cells, strongly inhibited lactose transport by both EC-C and EC-S cells.
Formaldehyde, 2,4-dinitrophenol, and sodium azide all inhibited lactose transport by greater than 90%, indicating the presence of a carrier involved in active transport. a-Galactosidase activity in permeabilized EC-C and EC-S cells. The lysis mixture used in the assay of ,B-galactosidase destroyed a-galactosidase activity in EC-S cells. Consequently, the effects of toluene, dithiothreitol, and Mn2+ on ot-galactosidase activity were investigated in glycerol-grown EC-S cells. Toluene permeabilization increased agalactosidase activity by about 30%, with little further increase by the addition of dithiothreitol or Mn2+, either singly or in combination (data not shown). Therefore, cells were merely tolueneized in all subsequent a-galactosidase assays.
High constitutive levels of a-galactosidase were found in EC-S cells regardless of the carbon source, whereas the enzyme was induced by melibiose and, to a lesser extent, by galactose and raffinose in strain EC-C (Table 5 ).
DISCUSSION
The strains of E. chrysanthemi used in this study (EC-C and EC-S) do not have a lac operon analogous to that found in E. coli. In E. coli, the lacZ, lacY, and lacA genes are expressed coordinately (36) . In contrast, P-galactosidase in E. chrysanthemi can be induced in EC-C without coordinate induction of either a lactose permease or a thiogalactoside transacetylase. Furthermore, in EC-S, a lactose permease is expressed constitutively, whereas the ,B-galactosidase remains inducible. Last, melibiose, an inducer of the lac operon in E. coli (16), does not induce ,-galactosidase in E. Table 3 . b Average ± standard error of the mean (three determinations). c ND, Not determined.
chrysanthemi although it does induce a permease able to transport lactose. Thus, lactose transport and hydrolysis are not coordinately regulated in EC-C and EC-S. Melibiose and raffinose both induced a lactose transport system in strain EC-C. The raffinose-induced lactose transport system in EC-C differs from the constitutively expressed lactose transport system in EC-S by its increased sensitivity to inhibition by raffinose. Therefore, E. chrysanthemi probably possesses two independently regulated permeases capable of lactose transport, one associated with the mel operon and the other with the raf operon.
The results presented in this paper strongly suggest that the mel operon is expressed constitutively in EC-S. High levels of a-galactosidase and lactose transport are coordinately expressed in EC-S, whereas, relative to lactose transport, only low levels of a-galactosidase are induced by raffinose in strain EC-C, i.e., the ratio of lactose permease to a-galactosidase activity is lowest in the case of glycerolgrown EC-S, intermediate in melibiose-induced EC-C, and highest in raffinose-induced EC-C. In addition, raffinose does not inhibit lactose transport in glycerol-grown EC-S to the same extent as found for raffinose-grown EC-C.
Taken together, these findings imply that lactose transport can occur via an inducible mel permease and an inducible raf permease in E. chrysanthemi and that the Lac' phenotype of EC-S is due to a regulatory mutation allowing constitutive expression of the mel operon. These data confirm and extend the observation by Hugouvieux-Cotte-Pattat and RobertBaudouy (8) that melibiose and raffinose induce a permease capable of lactose transport in E. chrysanthemi. It is possible that this permease, produced constitutively by what they called the lmrT gene, is the mel rather than the raf permease reported here.
Although the E. chrysanthemi mel permease resembles those of E. coli, S. typhimurium, and K. aerogenes in failing to transport IPTG (data not shown), it also differs in not being able to transport TMG (12, 19, 26, 30, 35) . However, the E. chrysanthemi mel permease resembles the K. aerogenes mel permease in its ability to transport lactose (23, 35) . In addition, the transport of lactose by the raffinose-induced permease in EC-C and its inhibition by melibiose and raffinose resembles the behavior of the raf permease in E. coli (29) .
Although IPTG is not transported by E. chrysanthemi, it is nevertheless a potent inhibitor of lactose transport by this organism. This illustrates the danger of assuming that competition studies provide indisputable evidence that the competitor itself is transported.
The whole question of galactosidase transport in E. coli is complex, with at least four permeases involved (26) . The problem is further complicated by the multiple common inducers and substrates of these permeases (26) . The unravelling of galactoside transport in E. coli required the isolation of the appropriate mutants (26, 30) , and it is apparent that a similar approach is required in E. chrysanthemi.
Substrates of the phosphoenolpyruvate:sugar phosphotransferase system such as glucose, 2-deoxyglucose, and mannose have been found to inhibit both the lac and mel permeases in E. coli (4, 27) . The inhibition is thought to involve an allosteric interaction between components of the phosphotransferase:sugar transport system with the lac and mel permeases (28) . A similar mechanism may be involved in the inhibition of lactose transport by both glucose and 2-deoxyglucose in strain EC-S. Table 1 . b The reaction mixture contained 0.1 ml of bacterial cells, 0.5 ml of 100 mM Tris-hydrochloride buffer (pH 7.5), 0.3 ml of H20, and 0.025 ml of toluene. After vortexing for 10 s and preincubation of the cells for 5 min at 30°C, the reaction was started by the addition of 0.1 ml of the substrate (20 mM a-ONPG in H20) and stopped after 10 to 15 min by the addition of 1 ml of 1 M Na2CO3. After the addition of 2 ml of H20, the A420 and A550 were determined. The A420 was corrected for turbidity as described in Table 1,   footnote b. VOL. 168, 1986 on November 6, 2017 by guest http://jb.asm.org/
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We cannot explain why growth on melibiose results in significantly lower a-galactosidase and permease activity in EC-S (Tables 3 and 5 ), but catabolite repression might be one cause. Similarly, it is not clear why IPTG and TMG in the growth medium should enhance lactose transport in strain EC-S (Table 3) . One possibility is that the high levels of P-galactosidase induced by these compounds in E. chrysanthemi play a role by hydrolyzing the intracellular lactose. This would reduce the lactose concentration gradient across the membrane against which the transport system must work.
The resistance of the a-galactosidase from E. chrysanthemi to toluene is similar to that of the raf cxgalactosidase from E. coli (29) but is different from the mel a-galactosidases of E. coli and S. typhimurium, both of which are sensitive to toluene inactivation (2, 7, 12, 31, 33) . Furthermore, neither Mn2+ nor dithiothreitol, both of which stabilize a-galactosidase activity in cell extracts of E. coli (2, 31) , activated the Erwinia enzyme. The Erwinia agalactosidase also differs from the E. coli enzyme in that a cofactor such as NAD+ is not required for activity (2) .
Many members of the Enterobacteriaceae have been found to acquire new metabolic functions by mutations that allow the enzymes of different pathways to be used for new functions (17) . Two types of mutations have been discovered. First, regulatory mutations may occur that allow enzymes not inducible by their substrates to be expressed constitutively, thereby permitting metabolism of the substrates (17) . A second type of mutation may change the substrate specificity of an enzyme and lead to the metabolism of a compound that is not normally a substrate of the enzyme (17) .
The ,B-galactosidases in strains EC-C and EC-S have been shown to have similar activity on P-ONPG and lactose (6) . Therefore, the difference in lactose metabolism between EC-C and EC-S cannot be explained by an altered specificity of P-galactosidase for lactose. Our results suggest that EC-S becomes phenotypically Lac' owing to a mutation allowing constitutive expression of the mel operon, i.e., a regulatory mutation.
Lactose metabolism of E. chrysanthemi has not been studied in detail, and it is not known whether a lac operon exists in any other strains of this organism. However, the data presented in this paper may explain why many strains of E. chrysanthemi are reported to have either a variable or a delayed ability to ferment lactose (3, 5, 11) .
